This paper addresses the problem of using satellite ultraviolet measurements to deduce the ionospheric electron density profile (EDP).
Introduction
For a number of years there has been substantial interest in the use of optical emissions as a means of remotely sensing various properties of the ionosphere. In this paper, we shall discuss work in progress, the goal of which is to assess the utility of satelliteobserved optical emission features in deducing the ionospheric electron density profile (EDP).
Here we restrict ourselves to considerations of three ionospheric regions, (1) the midlatitude daytime E and F layers, (2) the midlatitude nighttime F layer and (3) the undisturbed auroral E layer. The reason for considering separate regions is that the physical processes that lead to the various optical emissions differ from region to region, and to take advantage of these processes requires different approaches. Even for one region a variety of approaches and optical features can be considered. In our work we are investigating the usefulness of nadir viewing satellite observed optical features. Wherever possible, we concentrate on middle and far ultraviolet (UV) emission features. Because of absorption by 02 and ozone, the lower atmosphere is opaque at these wavelengths, so nadir observations are not contaminated by light reflected from the ground or scattered by the lower atmosphere.
For the daytime midlatitudes we know of no emission feature that gives a direct signature of the EDP. As a result we are developing a two -step approach for obtaining the EDP from optical measurements. We first use measurements of the N2 Lyman -Birge -Hopfield (LBH) band system and the atomic oxygen line at 1356 A as indicators of solar variability and neutral densities. This information is then used in a numerical calculation of the EDP.
At night the atomic oxygen lines at 1356 A and 6300 A are directly related to the EDP. One approach assumes that the nighttime F -layer can be modeled by a three parameter Chapman function.
Two of the parameters are fixed by the airglow intensities, while the third can be obtained from empirical models of the neutral atmosphere. A second approach involves the use of a time dependent numerical solution of the relevant fluid equations.
In the continuous (or diffuse) auroral E-layer, in the absence of significant proton precipitation, we can use the features at 1356 A and one or more of the LBH bands as indicators of the hardness and energy flux of the incident auroral electrons. The EDP is then determined by numerical modeling with an electron transport code coupled to an ion chemistry code.
If precipitating protons are present, their energy flux can be determined from latitude profiles of the Lyman a (1216 A) intensity.
However, protons also contribute to the production of the 1356 A and LBH features, preventing the separate determination of the Introduction For a number of years there has been substantial interest in the use of optical emissions as a means of remotely sensing various properties of the ionosphere. In this paper, we shall discuss work in progress, the goal of which is to assess the utility of satelliteobserved optical emission features in deducing the ionospheric electron density profile (EDP). Here we restrict ourselves to considerations of three ionospheric regions, (1) the midlatitude daytime E and F layers, (2) the midlatitude nighttime F layer and (3) the undisturbed auroral E layer. The reason for considering separate regions is that the physical processes that lead to the various optical emissions differ from region to region, and to take advantage of these processes requires different approaches. Even for one region a variety of approaches and optical features can be considered. In our work we are investigating the usefulness of nadir viewing satellite observed optical features. Wherever possible, we concentrate on middle and far ultraviolet (UV) emission features. Because of absorption by 6 2 and ozone, the lower atmosphere is opaque at these wavelengths, so nadir observations are not contaminated by light reflected from the ground or scattered by the lower atmosphere.
For the daytime midlatitudes we know of no emission feature that gives a direct signature of the EDP. As a result we are developing a two-step approach for obtaining the EDP from optical measurements. We first use measurements of the N 2 Lyman-Birge-Hopfield (LBH) band system and the atomic oxygen line at 1356 A as indicators of solar variability and neutral densities. This information is then used in a numerical calculation of the EDP.
At night the atomic oxygen lines at 1356 A and 6300 A are directly related to the EDP. One approach assumes that the nighttime F-layer can be modeled by a three parameter Chapman function. Two of the parameters are fixed by the airglow intensities, while the third can be obtained from empirical models of the neutral atmosphere. A second approach involves the use of a time dependent numerical solution of the relevant fluid equations.
In the continuous (or diffuse) auroral E-layer, in the absence of significant proton precipitation, we can use the features at 1356 A and one or more of the LBH bands as indicators of the hardness and energy flux of the incident auroral electrons. The EDP is then determined by numerical modeling with an electron transport code coupled to an ion chemistry code. If precipitating protons are present, their energy flux can be determined from latitude profiles of the Lyman a (1216 A) intensity. However, protons also contribute to the production of the 1356 A and LBH features, preventing the separate determination of the hardness of the electron and proton spectra without supplemental information.
Daytime midlatitude ionosphere
As mentioned above, no method is yet known for determining the daytime midlatitude EDP from 90 to 800km directly from nadir viewing observations of atmospheric optical emissions. To develop an indirect approach using optical emissions to adjust parameters affecting the calculation of the EDP, we need to study the relationship between the optical emissions and the EDP.
For that purpose, we have developed computer codes that calculate several of the LBH bands, the OI 1356 A emission feature, and the EDP from 90 to 800 km for the daytime midlatitude ionosphere. We are using these codes in two ways. The first is to make a series of parameter studies in order to qualify and quantify those parameters which most directly and sensitively determine the optical emissions and the EDP. The second is to analyze coincident EDP and airgiow data to test our modeling reliability.
The modeling approach A general approach for calculating airgiow and the EDP would be to solve a system of kinetic equations for the electrons, ions, and neutrals along with Poisson's equation for the electric field.
Such a system of equations, suitable for treating the ionosphere, can be derived from the Liouville Equation.
However, solving such a system of equations even with present computers is not practical.
On the other hand, considering just fluid equations is not sufficient for studying the relationship between the EDP and optical emissions. While a fluid theory may suffice to provide such macroscopic variables as densities and drifts, the photoelectron flux, from which the daytime airgiow is calculated, must be obtained from a kinetic theory. We have developed a first approximation to a hybrid theory in whi h a kinetic treatment for the electrons is coupled to a fluid treatment for the ions.'' '3
The starting point for a hybrid theory is the non -linear kinetic equation:
where X is the force on an electron due to gravity and electric and magnetic fields, f is the one -particle distribution function for the electrons, S' dr dv is the rate at which electrons are produced at (r,v) due to effects external to the system, Lep is the electronneutral particle collision operator and Je is the electron -charged particle collision operator.
The sums on p and t are over the neutral and charged species, respectively. This kinetic equation is coupled with the following set of continuity equations for the various ion species:
an. 8t1 + V(nivi) = Pi(fe) + Li(fe) (2) where Pi is the i on production rate, Li is the ith loss rate , n. the ith ion density, and vi is the ion transport velocity. We simplify this coupled set 6y considering separately the top and bottomside ionospheres.
In the daytime bottomside ionosphere (z < 250 km) transport can be ignored and in the steady -state approximation the continuity equation for an ion species simplifies to a balance between its production and loss rates.
In our model we include the four most important species, 0 +, N. O?, and NO +. The kinetic equation is simplified by expanding fe, S, Lea, and J in angles of the velocity vector and truncating to lowest order. After averaging over Ellie angles of v, the steady state result is:
a detailed balance in phase space between electron production and loss. For this study, we further simplified this non -linear bottomside kinetic equation by assuming a Maxwellian distribution for the thermal electrons and using the continuous slowing dgw9 (CSD) approximation to calculate the high energy photoelectron distribution function. It is from the distribution function that the photoelectron flux, (E,z), can be trivially derived.
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The modeling approach A general approach for calculating airglow and the EDP would be to solve a system of kinetic equations for the electrons, ions, and neutrals along with Poisson's equation for the electric field. Such a system of equations, suitable for treating the ionosphere, can be derived from the Liouville Equation.
On the other hand, considering just fluid equations is not sufficient for studying the relationship between the EDP and optical emissions. While a fluid theory may suffice to provide such macroscopic variables as densities and drifts, the photoelectron flux, from which the daytime airglow is calculated, must be obtained from a kinetic theory. We have developed a first approximation to a hybrid theory in which a kinetic treatment for the electrons is coupled to a fluid treatment for the ions. 1 ' 2 ' 3
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is the i th ion production rate, L^ is the i th loss rate , n^ the i th ion density, s the ion transport velocity. We simplify this coupled set by considering separatewhere and vl y the top and bottomside ionospheres.
In the daytime bottomside ionosphere (z £ 250 km) transport can be ignored and in the steady-state approximation the continuity equation for an ion species simplifies to a balance between its production and loss rates.
In our model we include the four most important species, 0 + , N£* 0^* and NO*. The kinetic equation is simplified by expanding f e , S e , L^R' an(^ ^ei\ * n an9l es °f tne velocity vector and truncating to lowest order. After averaging over tne angles of v, the steady state result is: 0 = s e + 2 Lep (f e ) + 2 Jen (f e> (4) P ° n °a detailed balance in phase space between electron production and loss. For this study, we further simplified this non-linear bottomside kinetic equation by assuming a Maxwellian distribution for the thermal electrons and using the continuous slowing down (CSD) approximation to calculate the high energy photoelectron distribution function. ' It is from the distribution function that the photoelectron flux, ±(E,z), can be trivially derived.
In the topside ionosphere (z > 250 km), the full time -dependent continuity equation (including transport) must be solved, althoygh a simplification is achieved because only the dominant ion species, 0 +, need be followed.
By neglecting secondary production and radiative recombination, the continuity equation is effectively decoupled from the kinetic equation for the electrons. Further, since the UV features (0I 1356 A and the LBH bands.). which we are interested are produced in the bottomside, we do not need to calculate T(E,z) for the topside.
Together our solutions for the ion densities in the top and bottomside ionosphere give a complete EDP from 90 to 800 km.
The quantity measured by a satellite UV sensor is the column emission rate. The features we are studying can be taken as optically thin for nadir viewing measurements. For these features we take the column emission rate, I(z), to be
(Rayleighs) (5) z min where S(z) is the volume emission rate and t(z,z') is the 02 pure absorption optical depth.
(1 Rayleigh, abbreviated R, is 106 photons emitted in all directions in a 1 cm column along the line of sight.)
The volume emission rate at altitude z is taken to be
Eth (cm-3 s-1) (6) here n(z) is the density of the emitting species, a(E) the corresponding cross section, and (E,z) the photoelectron flux.
Eth is the threshold energy of the cross section.
To calculate unique results from our models we must give them the following information:
(1) the solar extreme ultraviolet (EUV) flux, (2) the densities of 0, N2 and 02, (3) the neutral wind and electric field, and (4) temperatures Te, Ti, and Tn of the electrons, ions, and neutrals.
We have to establish how accurately we need to know these parameters and how much information can be deduced about them from optical emission measurements. Our first step has been to do a parameter study.
The parameter study. In this study we considered variations in the solar flux, neutral densities, neutral winds and electron and ion temperatures. For simplicity, we neglected the electric field and effectively included the Tn variation through the neutral density variations. Of the remaining parameters, the solar flux and the neutral densities play a crucial role in defining the entire EDP and the UV emissions. The temperatures and neutral winds have little to no effect on the UV calculation but have strong effects on the topside EDP. This means that the optical emissions have potential for giving information about the EUV flux and the neutral densities but the winds and temperatures will have to come from either empirical models or additional measurements.
For this study we assumed that the spectral shape of the solar flux is fixed, and we characterized the flux by a single parameter: its energy content. We found that the photoelectron flux and in turn the UV features vary linearly with this solar flux parameter. It is this linear dependence that makes the UV emissions so attractive as a monitor of the overall magnitude of the solar flux.
(However, UV airglow features are sensitive only to solar EUV radiation with wavelengths shorter than -500 A, while ionization is produced by wavelengths as long as 1000 A. We are assuming that the behavior of the solar EUV is representative of the longer UV wavelengths.) We studied the effects of the three neutral densities on the UV features by multiplying the neutral densities by various scale factors. For nadir viewing we found that the various LBH bands contained basically the same information, so we are dealing with only two independent features: the OI 1356 A and any one of the LBH bands. We chose to work with the LBH band at 1383 A and to blend LBH (1354 A) with the OI 1356 A. Not surprisingly, with only two independent measurements (1356 A and 1383 A) one cannot uniquely determine the appropriate scale factors for the three neutral species as well as the solar flux. So the important question becomes:
what will be the range of the calculated EDP when using the various combinations of 0, N2, 02, and solar flux scale parameters which give the same calculated 1356 A and 1383 A features? To answer this we considered a hypothetical measurement of the 1356 A and 1383 A features, and we made an initial calculation which agreed with the "measurement ". We then made a series of calculations for the EDP where we used various combinations of neutral densities and solar flux scale factors all of which give agreement with the "measurement ". All other inputs for the EDP model were SPIE Vol. 687 Ultraviolet Technology (1986) / 75
In the topside ionosphere (z :> 250 km), the full time-dependent continuity equation (including transport) must be solved, although a simplification is achieved because only the dominant ion species, 0 + , need be followed.
By neglecting secondary production and radiative recombination, the continuity equation is effectively decoupled from the kinetic equation for the electrons. Further, since the UV features (01 1356 A and the LBH bands) in which we are interested are produced in the bottomside, we do not need to calculate $(E,z) for the topside. Together our solutions for the ion densities in the top and bottomside ionosphere give a complete EDP from 90 to 800 km.
The quantity measured by a satellite UV sensor is the column emission rate. The features we are studying can be taken as optically thin for nadir viewing measurements. For these features we take the column emission rate, Hz), to be
where S(z) is the volume emission rate and t(z,z') is the 0^ pure absorption optical depth.
(1 Rayleigh, abbreviated R, is 10 6 photons emitted in all directions in a 1 cm column along the line of sight.) The volume emission rate at altitude z is taken to be
E th f here n(z) is the density of the emitting species, <y(E) the corresponding cross section, and (E,z) the photoelectron flux. E th is the threshold energy of the cross section.
(1) the solar extreme ultraviolet (EUV) flux, (2) the densities of 0, N 2 and 0 2 , (3) the neutral wind and electric field, and (4) temperatures Te , T^, and Tn of the electrons, ions, and neutrals.
For this study we assumed that the spectral shape of the solar flux is fixed, and we characterized the flux by a single parameter: its energy content. We found that the photoelectron flux and in turn the UV features vary linearly with this solar flux parameter. It is this linear dependence that makes the UV emissions so attractive as a monitor of the overall magnitude of the solar flux. (However, UV airglow features are sensitive only to solar EUV radiation with wavelengths shorter than ~500 A, while ionization is produced by wavelengths as long as 1000 A. We are assuming that the behavior of the solar EUV is representative of the longer UV wavelengths.) We studied the effects of the three neutral densities on the UV features by multiplying the neutral densities by various scale factors. For nadir viewing we found that the various LBH bands contained basically the same information, so we are dealing with only two independent features: the 01 1356 A and any one of the LBH bands. We chose to work with the LBH band at 1383 A and to blend LBH (1354 A) with the 01 1356 A. Not surprisingly, with only two independent measurements (1356 A and 1383 A) one cannot uniquely determine the appropriate scale factors for the three neutral species as well as the solar flux. So the important question becomes: what will be the range of the calculated EDP when using the various combinations of 0, N 2 , O 2 , and solar flux scale parameters which give the same calculated 1356 A and 1383 A features? To answer this we considered a hypothetical measurement of the 1356 A and 1383 A features, and we made an initial calculation which agreed with the "measurement". We then made a series of calculations for the EDP where we used various combinations of neutral densities and solar flux scale factors all of which give agreement with the "measurement". All other inputs for the EDP model were assumed known. In Figure 1 we show the resultant EDP for nine such calculations where the variations in 0, N2, 02, and solar flux are within a factor of two of the initial calculation.
The cross hatched region gives the range of EDPs when the relative variation between N2 and 02 is restricted to be < 30%.
All the results shown in Figure 1 came from using the same neutral wind and temperature models.
But variations in the winds and temperatures can change both the altitude and shape of the topside EDP. Thus the range of EDPs shown in Figure 1 will expand further when the wind and temperatures are allowed to vary. Four measurement parameter study.
We have seen that with two UV measurements the remaining uncertainty in the inputs causes sizeable spread in the EDP. Let us now consider a four measurement concept, two UV measurements and two topside in situ measurements. The two in situ measurements would actually be two types of measurements: charged particle temperature (T and Ti) and ion composition. We would use the temperature measurements to adjust models Eor the electron and ion temperature profiles, while ion density measurements would be used to adjust the neutral winds so that any calculated ion profiles would agree with the densities at the satellite altitude. In Figure 2 we see the results of the same nine runs as shown in Figure 1 except the temperature models were assumed to be based on a temperature measurement and the neutral winds were adjusted so that the calculated electron density from all nine runs agreed within 10% at the assumed satellite altitude of 800 km. We see that the topside EDP is now fairly well defined while the E and Fl regions show little change from the previous runs. Much of the spread in the bottomside is due to uncertainty in the 02 density which has little effect on the nadir viewed 1356 A and LBH features.
If a fifth measurement, sensitive to 02, could be made, the bottomside EDP could be determined more accurately.
Comparisons between theory and experiment.
While a parameter study demonstrates what may be possible in principle, the models clearly need to be tested against experimental data. Our initial comparisons were between ab initio calculations and either EDP or UV measurements. We found that while fairly simple adjustments could give good agreement with either EDP or UV data, it was not clear that simultaneous agreement was possible. Consequently, we began a search for coincident EDP and UV measurements.
Thus far the best coincident data we have found are seven situations where dayglow measurements from the AFGL VUV Background experiment on the S3 -4 satellite (1978) are in excellent coincidence with ground based midlatitude ionosonde measurements.
We made a series of calculations for the seven cases. First we made ab initio calculations of the 1356 A and 1383 A features along with the EDP.
We then adjusted the inputs to give agreement with the UV data. In lieu of two topside measurements we fitted our results to the measured height (within 10 km) and magnitude (within 10%) of the F2 peak while maintaining agreement with the UV data. In general we required 20% agreement with the UV data. In Figures 3 and 4 (next page) we show for one case the ab initio calculation and the final adjusted calculation as compared to the ionosonde data.
In six out of seven cases we were successful in this procedure and as we proceeded from the ab initio to the adjusted calculations we saw definite improvement in our predicted bottomside EDP's. Unfortunately in several of the cases the necessary adjustments appeared to be unphysical. In particular, the solar flux had to be scaled by over a factor of 2 for several cases. We do not know if (1) there is a problem with the data, (2) our parameter variation is too simplistic, or (3) the model itself is at fault. We should note that in most of the data analyses and parameter studies, we have assumed absolute precision in the emission measurements. We are presently 76 / SPIE Vol. 687 Ultraviolet Technology (1986) assumed known. In Figure 1 we show the resultant EDP for nine such calculations where the variations in 0, N 2 , 0 2 , and solar flux are within a factor of two of the initial calculation. The cross hatched region gives the range of EDPs when the relative variation between N 2 and 0 2 is restricted to be < 30%.
All the results shown in Figure 1 came from using the same neutral wind and temperature models. But variations in the winds and temperatures can change both the altitude and shape of the topside EDP. Thus the range of EDPs shown in Figure 1 will expand further when the wind and temperatures are allowed to vary. TWO We have seen that with two UV measurements the remaining uncertainty in the inputs causes sizeable spread in the EDP. Let us now consider a four measurement concept, two UV measurements and two topside in situ measurements. The two in situ measurements would actually be two types of measurements: charged particle temperature (Te and T^) and ion composition. We would use the temperature measurements to adjust models for the electron and ion temperature profiles, while ion density measurements would be used to adjust the neutral winds so that any calculated ion profiles would agree with the densities at the satellite altitude. In Figure 2 we see the results of the same nine runs as shown in Figure 1 except the temperature models were assumed to be based on a temperature measurement and the neutral winds were adjusted so that the calculated electron density from all nine runs agreed within 10% at the assumed satellite altitude of 800 km. We see that the topside EDP is now fairly well defined while the E and Fl regions show little change from the previous runs. Much of the spread in the bottomside is due to uncertainty in the 0 2 density which has little effect on the nadir viewed 1356 A and LBH features. If a fifth measurement, sensitive to 0 2 , could be made, the bottomside EDP could be determined more accurately.
Comparisons between theory and experiment. While a parameter study demonstrates what may be possible in principle, the models clearly need to be tested against experimental data. Our initial comparisons were between ab initio calculations and either EDP or UV measurements. We found that while fairly simple adjustments could give good agreement with either EDP or UV data, it was not clear that simultaneous agreement was possible. Consequently, we began a search for coincident EDP and UV measurements. Thus far the best coincident data we have found are seven situations where dayglow measurements from the AFGL VUV Background experiment on the S3-4 satellite (1978) are in excellent coincidence with ground based midlatitude ionosonde measurements.
We made a series of calculations for the seven cases. First we made ab initio calculations of the 1356 A and 1383 A features along with the EDP. We then adjusted the inputs to give agreement with the UV data. In lieu of two topside measurements we fitted our results to the measured height (within 10 km) and magnitude (within 10%) of the F 2 peak while maintaining agreement with the UV data. In general we required 20% agreement with the UV data. In Figures 3 and 4 (next page) we show for one case the ab initio calculation and the final adjusted calculation as compared to the ionosonde data. In six out of seven cases we were successful in this procedure and as we proceeded from the ab initio to the adjusted calculations we saw definite improvement in our predicted bottomside EDP's. Unfortunately in several of the cases the necessary adjustments appeared to be unphysical. In particular, the solar flux had to be scaled by over a factor of 2 for several cases. We do not know if (1) there is a problem with the data, (2) our parameter variation is too simplistic, or (3) the model itself is at fault. We should note that in most of the data analyses and parameter studies, we have assumed absolute precision in the emission measurements. We are presently evaluating the effects of allowing various amounts of uncertainty in the emission measurement as well as studying the three possible problems mentioned above. The transition occurs at approximately 600 km.
The topside ionosphere can best be monitored using in situ ion density and temperature measurements, and will not be discussed here.
Instead, we will concentrate on the F -layer which can be sensed remotely using optical emissions.
There are two classes of atomic oxygen airglow features that are directly related to the F -layer EDP.
The first class arises from radiative recombination of 0+ and includes the prominent UV lines at 1304 A and 1356 A.
(These and some other features in this class also arise from ion -ion recombination of 0+ and 0 -.)
The second class arises from charge exchange between 0+ and 02 quickly followed by dissociative recombination of 0i. The only useful feature in this class is the "red line" at 6300 A.
We are investigating two approaches for remote sensing of the nighttime ionosphere using these two classes of airglow features.
The first approach was originally suggested in 1975.5.6 It is based on three facts: 1. The midlatitude nighttime ionosphere is usually well represented by a modified Chapman function characterized by three parameters: the peak density, the altitude of the peak, and the altitude profile of the neutral temperature.
2.
Because the two classes of airglow features depend on the EDP in different ways, they can be used to fix the peak density and its altitude. The altitude profile of the ne>,tgal temperature can be obtained from empirical models with uncertainties of 10% or less. ' The main limitation on the accuracy of this method is the uncertainty in how well nighttime EDP's are represented by Chapman functions.
This problem can be overcome only by including more physics in the model, which involves solving the same ion fluid continuity equation used for the daytime F -layer (Equation 2 with O only). This is our second approach. Due to the absence of photoelectrons at night, we do not need to solve the kinetic equations for electrons.
The nighttime EDP depends on the same parameters as the daytime EDP, except that the ionization source (solar EUV) is absent.
However, the calculated nighttime EDP is much more sensitive to the initial condition than is the daytime EDP. Thus, the number of independent measurements required to fix all the nighttime parameters is no smaller than the number required for the daytime problem.
In order to determine which parameters are most important and which measurements are most useful, we are conducting a parameter study similar to our daytime study.
In addition, we expect that this study will quantify the accuracy of the Chapman function representation used in the first approach.
Both of the above approaches are dependent on accurate airglow measurements. Unfortunately, airglow intensities tend to be quite weak in midlatitudes at night. The 6300 A measurement is further plagued by the transparency of the atmosphere at visible wavelengths.
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evaluating the effects of allowing various amounts of uncertainty in the emission measurement as well as studying the three possible problems mentioned above.
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ELECTRON DENSITY (crrf 3) Figure 3 . Ab initio calculation.
ELECTRON DENSITY (cm'3 ) Figure 4 . Adjusted calculation.
Nighttime midlatitude ionosphere
At night, there are no photoelectrons and the E-layer all but disappears except under unusual conditions. The ionosphere consists mainly of an F-layer dominated by 0 + , and a topside dominated by H . The transition occurs at approximately 600 km. The topside ionosphere can best be monitored using in situ ion density and temperature measurements, and will not be discussed here. Instead, we will concentrate on the F-layer which can be sensed remotely using optical emissions.
There are two classes of atomic oxygen airglow features that are directly related to the F-layer EDP. The first class arises from radiative recombination of 0 + and includes the prominent UV lines at 1304 A and 1356 A. (These and some other features in this class also arise from ion-ion recombination of 0* and 0"".) The second class arises from charge exchange between 0 and 0 2 quickly followed by dissociative recombination of oJ. The only useful feature in this class is the "red line" at 6300 A. We are investigating two approaches for remote sensing of the nighttime ionosphere using these two classes of airglow features.
The first approach was originally suggested in 1975. 5 ' 6 It is based on three facts:
1. The midlatitude nighttime ionosphere is usually well represented by a modified Chapman function characterized by three parameters: the peak density, the altitude of the peak, and the altitude profile of the neutral temperature.
2.
Because the two classes of airglow features depend on the EDP in different ways, they can be used to fix the peak density and its altitude.
3. The altitude profile of the neutral temperature can be obtained from empirical models with uncertainties of 10% or less. 7 ' 8 The main limitation on the accuracy of this method is the uncertainty in how well nighttime EDP' s are represented by Chapman functions. This problem can be overcome only by including more physics in the model, which involves solving the same ion fluid continuity equation used for the daytime F-layer (Equation 2 with 0 only). This is our second approach. Due to the absence of photoelectrons at night, we do not need to solve the kinetic equations for electrons. The nighttime EDP depends on the same parameters as the daytime EDP, except that the ionization source (solar EUV) is absent. However, the calculated nighttime EDP is much more sensitive to the initial condition than is the daytime EDP. Thus, the number of independent measurements required to fix all the nighttime parameters is no smaller than the number required for the daytime problem. In order to determine which parameters are most important and which measurements are most useful, we are conducting a parameter study similar to our daytime study. In addition, we expect that this study will quantify the accuracy of the Chapman function representation used in the first approach.
This means that a nadir viewing instrument will see light reflected from the ground in addition to the light emitted from the ionosphere. The reflected light includes extraterrestrial sources (starlight, moonlight, etc.) as well as the airglow itself. The extraterrestrial background must be carefully monitored not only so that it can be subtracted from the total signal, but also so that it can be used to estimate the effective surface albedo by comparison with the known incident flux.
Since the extraterrestrial sources are continua, the apparent intensity of the background depends on the spectral resolution of the detector. Depending on the effective surface albedo and the viewing geometry, the reflected moonlight can be as bright as 300 R /A. When the surface albedo is high, the minimum expected red line intensity is 20 R (10 R direct + 10 R reflected). A high resolution Fabry -Perot interferometer such as the one on the Dynamics Explorer (DE) satellite might have an effective bandwidth of 0.025 A, implying a background of only 7.5 R. Unfortunately, the sensitivity of such an instrument is only about 0.1 counts /R /s resulting in 2.75 counts /s for our hypothetical worst case situation. Since the detector in the DE interferometer has a dark count rate of 12 counts /s, it is clear that this instrument design is not suitable for monitoring the midlatitude nighttime ionosphere. A lower resolution design based on a 2 A interference filter could have increased sensitivity, but at the cost of a much larger background and a much larger field of view.
Nevertheless, we believe that a suitable instrument can be designed.
The two features at 1304 A and 1356 A do not suffer from the background problems associated with the 6300 A line. Nevertheless, they are rather weak, ranging from 0.1 to 10 R at night in midlatitudes.
Further, the atmosphere is optically thick at 1304 A, which complicates the analysis. Nevertheless, the low intensities expected at night dictate that the two features be combined to increase the signal.
(However, care must be taken to exclude the extremely bright Lyman -a line at 1216 A.)
Assuming negligible dark counts and a calibration uncertainty of 15%, we estimate that an instrumental sensitivity of at least 20 counts /R /s is required to provide good spatial resolution with acceptable statistical uncertainty.
This would seem to imply that a photometer, rather than a spectrometer, is the instrument of choice.
We know of only one satellite experiment that Teasured the 6300 A and 1356 A lines simultaneously -the two photometer packages on OGO 4.
For various reasons. there are only a few coincidences between 0GO -4 and ground -based or satellite -based measurements of the EDP. Ground based optical measurements can also be made because the 7774 A line of atomic oxygen provides the same information as the 1356 A line.
However, this line is fairly weak, so it has generally been measured in low latitudes or during midlatitude auroras. We are hopeful that this lack of optical data can be remedied in the future.
Auroral E -layer
The problem of remote sensing of the auroral ionosphere is similar to the daytime problem in that the optical emissions provide information on the ionizing radiation rather than on the electron density itself. In the auroral zone, the ionizing radiation is primarily electrons with energies of several keV. However, protons frequently contribute significantly to the energy deposition in the auroral atmosphere.
There are two broad classes of auror the visually spectacular discrete arcs and the subvisual continuous (or diffuse) aurora.il The former are highly variable in space and time and difficult to monitor from a moving platform. The continuous aurora is more stable and much more suitable for satellite monitoring.
For these reasons, we have concentrated on the continuous aurora.
As in the daytime, we must first understand the relationships among the incident ionizing flux, the electron density, and the optical emission features.
To this end, we have developed several computer codes for modeling auroral processes. One code solves the appropr. *te transport equations for the incident electrons and the secondary electrons they produce. The electron transport model includes the following features:
(1) multiconstituent atmosphere (N2, 02, and 0) (2) plane parallel geometry (3) discrete energy loss (4) detailed treatment of scattering The code can accept as input the incident flux of auroral electrons as well as the flux of secondary electrons produced by incident protons or by solar EUV photons (for daytime aurora).
It produces the energy and pitch angle distributions of ionizing electrons from all sources at all altitudes.
Since the extraterrestrial sources are continua, the apparent intensity of the background depends on the spectral resolution of the detector. Depending on the effective surface albedo and the viewing geometry, the reflected moonlight can be as bright as 300 R/A. When the surface albedo is high, the minimum expected red line intensity is 20 R (10 R direct + 10 R reflected) . A high resolution Fabry-Perot interferometer such as the one on the Dynamics Explorer (DE) satellite might have an effective bandwidth of 0.025 A, implying a background of only 7.5 R. Unfortunately, the sensitivity of such an instrument is only about 0.1 counts/R/s resulting in 2.75 counts/s for our hypothetical worst case situation. Since the detector in the DE interferometer has a dark count rate of 12 counts/s, it is clear that this instrument design is not suitable for monitoring the midlatitude nighttime ionosphere. A lower resolution design based on a 2 A interference filter could have increased sensitivity, but at the cost of a much larger background and a much larger field of view. Nevertheless, we believe that a suitable instrument can be designed.
The two features at 1304 A and 1356 A do not suffer from the background problems associated with the 6300 A line. Nevertheless, they are rather weak, ranging from 0.1 to 10 R at night in midlatitudes. Further, the atmosphere is optically thick at 1304 A, which complicates the analysis. Nevertheless, the low intensities expected at night dictate that the two features be combined to increase the signal. (However, care must be taken to exclude the extremely bright Lyman-a line at 1216 A.) Assuming negligible dark counts and a calibration uncertainty of 15%, we estimate that an instrumental sensitivity of at least 20 counts/R/s is required to provide good spatial resolution with acceptable statistical uncertainty. This would seem to imply that a photometer, rather than a spectrometer, is the instrument of choice.
We know of only one satellite experiment that measured the 6300 A and 1356 A lines simultaneously -the two photometer packages on OGO 4.
For various reasons, there are only a few coincidences between OGO-4 and ground-based or satellite-based measurements of the EDP. Ground based optical measurements can also be made because the 7774 A line of atomic oxygen provides the same information as the 1356 A line. However, this line is fairly weak, so it has generally been measured in low latitudes or during midlatitude auroras. We are hopeful that this lack of optical data can be remedied in the future.
Auroral E-layer
There are two broad classes of aurora: the visually spectacular discrete arcs and the subvisual continuous (or diffuse) aurora. The former are highly variable in space and time and difficult to monitor from a moving platform. The continuous aurora is more stable and much more suitable for satellite monitoring. For these reasons, we have concentrated on the continuous aurora.
As in the daytime, we must first understand the relationships among the incident ionizing flux, the electron density, and the optical emission features. To this end, we have developed several computer codes for modeling auroral processes. One code solves the appropriate transport equations for the incident electrons and the secondary electrons they produce. 12 The electron transport model includes the following features:
(1) multiconstituent atmosphere (N 2 * 0 2 > and 0) (2) plane parallel geometry (3) discrete energy loss (4) detailed treatment of scattering
The code can accept as input the incident flux of auroral electrons as well as the flux of secondary electrons produced by incident protons or by solar EUV photons (for daytime aurora) . It produces the energy and pitch angle distributions of ionizing electrons from all sources at all altitudes.
A second code solves the transport equations for protons, including the effects of charge transfer and stripping which result in the conversion of the incident proton flux into a hydrogen atom flux at low altitudes. 13 This model includes the following features:
(1) multiconstituent atmosphere (N2, 02, and 0) (2) plane parallel geometry (3) cross section averaged discrete energy loss (4) forward scattering approximation Since this code calculates the secondary electron fluxes produced by the protons and hydrogen atoms, the two codes together provide a complete description of a combined electron and proton aurora.
In the continuous aurora, the energy spectra of the ionizing particles are generally well represented by a Maxwellian function characterized by two parameters: "characteristic energy and total energy flux.
(The mean energy of a Maxwellian spectrum is twice the characteristic energy.)
Unlike the daytime, there are two possible ionization sources, so we actually must determine four parameters.
(As in the daytime, the variability of the neutral atmosphere introduces the need for still more parameters.)
Unfortunately, protons and the secondary electrons they produce excite the same spectral features as the primary electrons and their secondaries.
The only optical emission features unique to protons are the various atomic hydrogen lines (Balmer series, Lyman series, etc.) due to recombination of protons and electrons or excitation of H atoms impacting N2, 02, and O. Thus when both particles are present, nadir optical emission measurements are not sufficient to completely characterize the incident ionizing flux. However, because the electron and proton fluxes are often (but not always) separated in space, there are many instances of pure electron and pure proton auroras.
We have used our electron transport code to a 4mine the rel4tionship between incident electron fluxes and optical emissions in the far and middle UV.
These studies found that the most useful features were the Lyman -Birge -Hopfield (LBH) and Vegard -Kaplan (VK) band systems of N2 and the atomic oxygen line at 1356 A. For a fixed characteristic energy, the intensities of these features are directly proportional to the total incident energy flux.
Because the composition of the atmosphere varies with height, and because the depth of penetration of the incident electrons varies with characteristic energy, ratios of the intensities of these features have a strong dependence on characteristic energy. Because the pure absorption cross section of 02 varies significantly across the wavelength range of the LBH system, different bands in the system have different variations with incident energy and different sensitivity to the 02 density.
(The energy dependences of the intensities of all these features are shown in Figure 5 .)
The VK bands are subject to quenching by atomic oxygen, which gives this system a dependence on the atomic oxygen density as well as on characteristic energy.
Unfortynately. determinations of the quenching coefficient vary by as much as a factor of three.
(The oxygen density dependences of the most prominent VK band and the 1356 A line are shown in Figure 6 .)
In principle, by taking well chosen ratios of intensities, the characteristic energy and the mixing ratios of 0 and 0 could be determined. The total energy flux could then be obtained from the absolve intensities of any one of these features. Many of the same considerations apply to proton aurora except that atomic and molecular excitation is produced by proton and hydrogen atom impact as well as electron impact, and the additional emission feature Lyman a is present.
Unfortunately, while the absence of Lyman a indicates a pure electron aurora, there is no comparable feature whose absence would indicate a pure proton aurora. Analysis of optical data from proton aurora is further SPIE Vol. 687 Ultraviolet Technology (1986) / 79
(1) multiconstituent atmosphere (N 2 , 0 2 , and 0) (2) plane parallel geometry (3) cross section averaged discrete energy loss (4) forward scattering approximation Since this code calculates the secondary electron fluxes produced by the protons and hydrogen atoms, the two codes together provide a complete description of a combined electron and proton aurora.
In the continuous aurora, the energy spectra of the ionizing particles are generally well represented by a Maxwellian function characterized by two parameters: "characteristic energy and total energy flux. (The mean energy of a Maxwellian spectrum is twice the characteristic energy.) Unlike the daytime, there are two possible ionization sources, so we actually must determine four parameters. (As in the daytime, the variability of the neutral atmosphere introduces the need for still more parameters.) Unfortunately, protons and the secondary electrons they produce excite the same spectral features as the primary electrons and their secondaries. The only optical emission features unique to protons are the various atomic hydrogen lines (Balmer series, Lyman series, etc.) due to recombination of protons and electrons or excitation of H atoms impacting N 2 , 0 2 , and 0. Thus when both particles are present, nadir optical emission measurements are not sufficient to completely characterize the incident ionizing flux. However, because the electron and proton fluxes are often (but not always) separated in space, there are many instances of pure electron and pure proton auroras.
We have used our electron transport code to examine the relationship between incident electron fluxes and optical emissions in the far and middle UV. These studies found that the most useful features were the Lyman-Birge-Hopfield (LBH) and Vegard-Kaplan (VK) band systems of N^ and the atomic oxygen line at 1356 A. For a fixed characteristic energy, the intensities of these features are directly proportional to the total incident energy flux. Because the composition of the atmosphere varies with height, and because the depth of penetration of the incident electrons varies with characteristic energy, ratios of the intensities of these features have a strong dependence on characteristic energy. Because the pure absorption cross section of 0 2 varies significantly across the wavelength range of the LBH system, different bands in the system have different variations with incident energy and different sensitivity to the 0 2 density. (The energy dependences of the intensities of all these features are shown in Figure 5 .) The VK bands are subject to quenching by atomic oxygen, which gives this system a dependence on the atomic oxygen density as well as on characteristic energy. Unfortunately, determinations of the quenching coefficient vary by as much as a factor of three.
(The oxygen density dependences of the most prominent VK band and the 1356 A line are shown in Figure 6 .) In principle, by taking well chosen ratios of intensities, the characteristic energy and the mixing ratios of CU and 0 could be determined. The total energy flux could then be obtained from the absolute intensities of any one of these features. Many of the same considerations apply to proton aurora except that atomic and molecular excitation is produced by proton and hydrogen atom impact as well as electron impact, and the additional emission feature Lyman a is present. Unfortunately, while the absence of Lyman a indicates a pure electron aurora, there is no comparable feature whose absence would indicate a pure proton aurora. Analysis of optical data from proton aurora is further complicated by the lack of reliable cross section measurements for N2 and O excitations resulting in FUV features (e.g., 1304 A and 1356 A from 0 and the LBH and system of N2). For that reason, we cannot display the variation of FUV intensities with incident proton energy.
When both protons and electrons are present with comparable energy fluxes, it is very difficult to separate the effects of each using nadir observations of optical emission intensities.
If the altitude variation of the Lyman a feature is known (from limb scans or rocket measurements), then both the proton energy flux and characteristic energy can be determined.
This would allow the calculation of the proton contribution to the 0 and N7 emissions, and the electron parameters could subsequently be determined. Alternatively, if a direct measurement of one of the parameters describing either the electron or proton flux is made, the remaining parameters can be inferred from the optical intensities. We are presently gathering ground -based and space -based data to test our codes, and to explore these and other possibilities for, separating electron and proton effects.
Discussion
We have described the "state of our art" in using satellite UV measurements to deduce the EDP in three regions of the ionosphere. For the daytime midlatitudes we have seen that a concept using two nadir viewed UV measurements along with two in situ topside satellite measurements shows great promise. For the nighttime midlatitudes nadir observations of atomic oxygen airglow features give a direct measure of the electron density profile, but the low intensities of these features make the measurement difficult. In the auroral zone, UV emission features are not sufficient to characterize the ionization sources completely. We are searching for supplementary measurements that would make this possible. In all three regions, we need high quality coincident measurements to test the various concepts and to perfect our modeling. The ideal would be a satellite in the topside ionosphere (-800km) making UV and in situ measurements while passing over an incoherent -scatter radar.
complicated by the lack of reliable cross section measurements for KU and 0 excitations resulting in FUV features (e.g., 1304 A and 1356 A from 0 and the LBH band system of N 2 ). For that reason, we cannot display the variation of FUV intensities with incident proton energy.
When both protons and electrons are present with comparable energy fluxes, it is very difficult to separate the effects of each using nadir observations of optical emission intensities. If the altitude variation of the Lyman a feature is known (from limb scans or rocket measurements), then both the proton energy flux and characteristic energy can be determined. This would allow the calculation of the proton contribution to the 0 and N^ emissions, and the electron parameters could subsequently be determined. Alternatively, if a direct measurement of one of the parameters describing either the electron or proton flux is made, the remaining parameters can be inferred from the optical intensities. We are presently gathering ground-based and space-based data to test our codes, and to explore these and other possibilities for separating electron and proton effects.
We have described the "state of our art" in using satellite UV measurements to deduce the EDP in three regions of the ionosphere. For the daytime midlatitudes we have seen that a concept using two nadir viewed UV measurements along with two in situ topside satellite measurements shows great promise. For the nighttime midlatitudes nadir observations of atomic oxygen airglow features give a direct measure of the electron density profile, but the low intensities of these features make the measurement difficult. In the auroral zone, UV emission features are not sufficient to characterize the ionization sources completely. We are searching for supplementary measurements that would make this possible. In all three regions, we need high quality coincident measurements to test the various concepts and to perfect our modeling. The ideal would be a satellite in the topside ionosphere (~800km) making UV and in situ measurements while passing over an incoherent-scatter radar.
